In primary progressive aphasia (PPA), speech and language difficulties are caused by neurodegeneration of specific brain networks. In the nonfluent/agrammatic variant (nfvPPA), motor speech and grammatical deficits are associated with atrophy in a left fronto-insularstriatal network previously implicated in speech production. In vivo dissection of the crossing white matter (WM) tracts within this "speech production network" is complex and has rarely been performed in health or in PPA. We hypothesized that damage to these tracts would be specific to nfvPPA and would correlate with differential aspects of the patients' fluency abilities. We prospectively studied 25 PPA and 21 healthy individuals who underwent extensive cognitive testing and 3 T MRI. Using residual bootstrap Q-ball probabilistic tractography on high angular resolution diffusion-weighted imaging (HARDI), we reconstructed pathways connecting posterior inferior frontal, inferior premotor, insula, supplementary motor area (SMA) complex, striatum, and standard ventral and dorsal language pathways. We extracted tract-specific diffusion tensor imaging (DTI) metrics to assess changes across PPA variants and perform brainbehavioral correlations. Significant WM changes in the left intrafrontal and frontostriatal pathways were found in nfvPPA, but not in the semantic or logopenic variants. Correlations between tract-specific DTI metrics with cognitive scores confirmed the specific involvement of this anterior-dorsal network in fluency and suggested a preferential role of a posterior premotor-SMA pathway in motor speech. This study shows that left WM pathways connecting the speech production network are selectively damaged in nfvPPA and suggests that different tracts within this system are involved in subcomponents of fluency. These findings emphasize the emerging role of diffusion imaging in the differential diagnosis of neurodegenerative diseases.
Introduction
Primary progressive aphasia (PPA) is a neurodegenerative clinical syndrome characterized by progressive decline in speech and language functions (Mesulam, 1982) . Three main clinical variants have been identified on the basis of cognitive features: a nonfluent/agrammatic variant (nfvPPA), a semantic variant (svPPA), and a logopenic variant (lvPPA) (Gorno-Tempini et al., 2004b) . Motor speech and grammatical deficits resulting in speech production difficulties are typical features of nfvPPA; however, diagnosis purely on the basis of linguistic symptoms can be difficult, especially between the nonfluent/agrammatic and logopenic variants, which are both characterized by speech output errors (Ogar et al., 2007; Josephs et al., 2012) .
Neuroimaging is helpful in the differentiation of the PPA variants. Accordingly, the most recent international classification scheme includes an "imaging-supported" diagnosis, indicating specific regional gray matter (GM) changes for each subtype. In nfvPPA, GM damage is typically found in left inferior frontal, insular, supplementary motor, and striatal regions Nestor et al., 2003; Gorno-Tempini et al., 2006) , suggesting that this "speech production network" is responsible for the fluency deficits typical of this variant , as was observed previously in aphasia due to stroke (Broca, 1865; Dronkers, 1996) . Recent studies have demonstrated the presence of white matter (WM) damage in the PPA variants using diffusion tensor imaging (DTI). Most investigations focused on the standard fronto-temporo-parietal dorsal and ventral language pathways (Borroni et al., 2007; Whitwell et al., 2010; Galantucci et al., 2011; Agosta et al., 2012a; Grossman et al., 2013; Mahoney et al., 2013; Sajjadi et al., 2013; Schwindt et al., 2013) and have found damage to the superior longitudinal fasciculus in both nfvPPA and lvPPA, although changes were more widespread in nfvPPA (Galantucci et al., 2011) . Because GM changes in nfvPPA occur mainly within the left fronto-insular-striatal speech production network, we hypothesized that damage to the WM tracts connecting these areas would be specifically damaged in this variant. These intrafrontal and frontostriatal tracts have not been studied extensively, likely because of methodological difficulties related to the high density of crossing fibers in these regions. One previous investigation showed damage of an intrafrontal bundle, called the frontal aslant tract, in nfvPPA . To our knowledge, no previous tractography study has investigated the WM pathways connecting the entire speech production network in PPA.
Here, we applied residual bootstrap Q-ball tractography for in vivo dissection of WM tracts connecting the fronto-insular cortical and subcortical speech production network in PPA bilaterally. This methodology has the capability of quantifying multiple intravoxel fiber orientations, thus resolving crossing fibers and reducing false negatives in the reconstruction of WM tracts (Berman et al., 2008) . Tract-specific DTI metrics were compared across PPA variants and correlated with speech and language scores. We hypothesized that significant WM injury in the speech production network would occur in nfvPPA only and that the severity of damage in specific tracts would correlate with different aspects of fluency.
Materials and Methods

Participants and diagnostic assessment
A total of 25 patients with sporadic PPA (9 nfvPPA, 3 male/6 female; 8 svPPA, 4 male/4 female; and 8 lvPPA, 4 male/4 female) and 21 healthy individuals (8 male/13 female) matched for age and sex were evaluated at the Memory and Aging Center (MAC) at the University of CaliforniaSan Francisco (UCSF). All subjects were right-handed and gave written informed consent. The study was approved by the UCSF institutional review board. PPA patients were divided into clinical variants applying current international guidelines for diagnosis . We considered clinical data obtained at first evaluation at the UCSF MAC and 3 T MRI acquired within 6 months of such a visit. Clinical evaluation included a semistructured history and physical examination, caregiver interview, standardized neuropsychological screening, and a detailed speech and language evaluation, as described previously (Gorno-Tempini et al., 2004b) . All patients reported a negative family history of PPA.
We performed a Pearson 2 test or univariate ANOVA for demographics and speech-language test scores to show expected differences among PPA variants (Table 1) .
MRI
Subjects were scanned on a Siemens TrioTim syngo 3 T MR scanner equipped with an eight-channel head coil. The MRI protocol included a high-resolution 3D T1-weighted image with the following parameters: 160 sagittal slices, with 1 mm thickness; repetition time (TR)/echo time (TE) ϭ 2300/2.98 ms; inversion time ϭ 900 ms; flip angle ϭ 9°; field of view ϭ 256 mm 2 ; matrix ϭ 256ϫ240; voxel size 1 mm 3 isotropic. A high angular resolution diffusion-weighted imaging (HARDI) dataset was acquired using a single-shot spin-echo echo-planar imaging (SE-EPI) sequence including 55 contiguous axial slices acquired in an interleaved order with in-plane resolution ϭ 2.2 mm 2 , slice thickness ϭ 2.2 mm, TR/TE ϭ 8000/109 ms, flip angle ϭ 90°, matrix ϭ 100 ϫ 100, 64 noncollinear diffusion sensitization directions at b ϭ 2000 s/mm 2 , 1 at b ϭ 0, and an integrated parallel acquisition technique acceleration factor of 2.
Diffusion imaging data preprocessing
Initial image preprocessing was performed using the FMRIB Software Library (FSL; http://www.fmrib.ox.ac.uk/fsl/). For each subject, T1-weighted and diffusion-weighted images (DWIs) were skull stripped using FSL's brain extraction tool. The T1 image was registered (rigid body alignment) to the b 0 volume of the DWI dataset and subsequently registered to the Montreal Neurological Institute (MNI) standard stereotactic atlas using FSL's linear and nonlinear registration tool. Preprocessing of the DWI datasets was performed using FSL's diffusion toolbox. Eddy current distortions and motion artifacts were corrected by registering each diffusion-sensitized volume to the b 0 volume with an affine transform. After tensor diagonalization, whole-brain maps of voxelwise quantitative WM metrics such as mean diffusivity (MD), fractional anisotropy (FA), axial diffusivity (AD) and radial diffusivity (RD) were obtained. These maps were warped into MNI space using the transform estimated for the coregistered T1 image.
Regions of interest for the speech production network
The main aim of our study was to investigate the WM pathways connecting cortical and subcortical GM regions within the speech production network known to be atrophied in nfvPPA, such as Brodmann area 44 (BA44), ventral premotor cortex (BA6vPMC), the supplementary motor area complex (SMAc), the insula, and the striatum (Gorno-Tempini et al., 2004a; GornoTempini et al., 2006; Rogalski et al., 2011a; Grossman et al., 2013) . These regions have also been shown to be involved in speech production in fMRI studies of healthy subjects (Eickhoff et al., 2009 ), in neuropsychological studies of stroke patients, and in intraoperative mapping (Broca, 1865; Dronkers, 1996; Henry et al., 2004; Hillis et al., 2004; . We defined specific regions of interest (ROIs) as seeds and targets for tractography in the following manner. For ventral premotor BA6 we considered only the face/mouth area (BA6vPMC, 5 voxels centered at Ϫ58/1/23 in MNI space) as defined by both fMRI and intraoperative mapping studies (Henry et al., 2004; Eickhoff et al., 2009 ). For BA44, we used the Juelich Histological Atlas. For the SMAc, the insular cortex, and the striatum (caudate and putamen), we used the Harvard-Oxford Atlas (http://fsl.fmrib.ox.ac.uk/fsl/fsl4.0/fslview/ atlas-descriptions.html). All ROIs were defined in both hemispheres (Fig. 1) . To ensure that patients with nfvPPA included in this study showed GM atrophy consistent with previous studies, we conducted a voxel-based morphometry (VBM) analysis. The analysis was performed using the SPM8 software package (http://www.fil.ion.ucl.ac.uk/spm) and a diffeomorphic exponentiated lie algebra (DARTEL) registration method (Ashburner, 2007) . We also tracked the most commonly described ventral and dorsal language-related pathways previously involved in PPA (Borroni et al., 2007; Whitwell et al., 2010; Galantucci et al., 2011; Agosta et al., 2012b; Mahoney et al., 2013; Schwindt et al., 2013) : the superior longitudinal fasciculus (SLF II/III), the arcuate fasciculus (AF), the inferior frontal-occipital fasciculus (IFOF), the uncinate fasciculus (UF), the inferior longitudinal fasciculus (ILF), and its anterior part in particular (at y ϭ Ϫ8 on coronal plane). The ROIs used to delineate these tracts were described previously (Galantucci et al., 2011) . All ROIs were defined in MNI space and subsequently warped to each healthy control subject's native DWI space for tractography. A schema of the expected connections in the left hemisphere is shown in Figure 2 .
Residual bootstrap Q-ball tractography
We reconstructed all tracts with a probabilistic streamline tractography algorithm in combination with a residual bootstrap Q-ball imaging method (Berman et al., 2008) developed in Dipy (http://nipy.sourceforge. net/dipy/). Starting ROIs were densely seeded with 7 3 points equally spaced throughout each voxel. Streamline propagation continued until reaching a voxel with FA Ͻ0.15 or a turning angle Ͼ60°. Tracts for the fronto-insular-striatal connections were reconstructed in both hemispheres using a two-ROI seed-target approach. The general procedure involved reconstructing tracts in healthy subjects in order to create mean templates that could be used to extract tract-specific DTI metrics in each patient. This was necessary because templates for the fronto-insularstriatal tracts are not included in standard software packages or anatomical atlases.
We then converted these tracts into density maps (indicating how many streamlines pass through a voxel) and normalized them to MNI space. Templates for each tract were then created by calculating the mean of the density maps. Finally, binary maps were produced and warped back into each subject's native DWI space for both healthy controls and PPA cohorts. From these masks, we extracted the median of the DTI metrics of each tract in each subject.
Statistical analysis: group comparison of DTI metrics
We performed a univariate ANCOVA model to test differences in each DTI metric between PPA variants and healthy controls for each WM tract. To correct for multiple comparisons among groups, we performed a post hoc Tukey honest significant error test. Age, sex, and total intracranial volume (as calculated using SPM8 within the VBM procedure) were included as nuisance covariates. Because we considered 27 tracts for each subject, we used a further Bonferroni correction for 27 comparisons relative to controls. The resulting threshold of statistical significance was thus p Ͻ (0.05/27) ϭ 0.002.
We also compared nfvPPA with the other two PPA variants. We performed this comparison only in tracts where significant differences were found in nfvPPA versus healthy controls. Because of the small number of subjects included in this analysis and the known greater variability within patient groups, we did not correct this analysis for multiple comparisons.
Statistical analysis: correlation analyses between cognitive scores and tract-specific FA values
To assess brain behavioral associations, we performed Spearman correlations between FA values (as an index of WM integrity) and specific cognitive scores. Statistical analyses were performed using R (http://www. r-project.org/). We only considered tracts that showed significant changes in nfvPPA versus controls in all DTI metrics at our threshold ( p Ͻ 0.002).
We performed two analyses to evaluate the specificity of the speech production tracts in fluency in the whole PPA group and the differential contributions of frontal speech and standard language tracts to different components of the fluency construct in the nfvPPA group alone (i.e., motor speech, speech rate, sentence comprehension, and production). Figure 5. 3D representation of the corticostriatal speech production tracts. A, Tracts connecting the caudate to the ventral premotor cortex (BA6; pink) and BA44 (yellow). B, Tracts connecting the putamen to the ventral premotor cortex (BA6) (purple) and BA44 (red), the pre-SMA and SMA to the caudate (orange), and the putamen (teal).
Specificity of the frontal speech versus ventral tracts in production and comprehension in PPA.
For this analysis, we calculated a composite "speech production score" (SP) that could provide a measure of general speech production abilities in all PPA patients. The score was obtained by weighted averaging of the Western Aphasia Battery's Spontaneous Speech (SS-WAB; Kertesz, 1980) score and the Motor Speech Evaluation (MSE; Wertz et al., 1984) score. These tests capture complementary aspects of speech production in structured (MSE) or naturalistic (SS-WAB) conditions. In the MSE, two ratings for apraxia of speech (AOS) and dysarthria are derived on a 7 point scale (0 ϭ normal; 7 ϭ severely impaired), with the most impaired total score being 14. We did not use the MSE scores alone because svPPA and most lvPPA cases have a score of 0. The SS-WAB is a comprehensive fluency rating derived from a picture description task on a 10-point scale (0 ϭ no words produced; 10 ϭ sentences of normal length without articulatory difficulty or speech sound errors). The SP score was calculated applying the following formula: SP ϭ SS/10 ϩ ((14 Ϫ MSE)/14)/2, in which SP ϭ 0 indicates maximal impairment. For language comprehension and semantics, we considered scores from a visual semantic association task (Pyramids and Palm Trees Test-Picture Version) and a words-to-picture matching task (Peabody Picture Vocabulary Test Revised). We correlated SP and comprehension scores with FA values in frontal speech tracts and ILF pathway. We hypothesized that the frontal speech tracts and ILF would show selective correlations with SP or comprehension scores, respectively.
Differential contribution of speech versus dorsal language tracts to the cognitive components of fluency. We considered as components of fluency motor speech (number of distortions), speech rate (number of words per minute), syntax production (number of words in sentences), and sentence comprehension (WAB sequential commands). Distortions of speech sounds are useful in distinguishing individuals with AOS from those with production difficulties arising from phonological impairment. As a proxy for AOS, we counted the number of distorted speech sounds produced per hundred words during the WAB spoken picture description task (number of distortions per hundred words), as described previously . Distortions were defined as motor speech errors that involved phonetic alterations in production (e.g., slurring) of a sound. For individuals with dysarthria, only distortions above and beyond the baseline level of production difficulty were counted as distortions. As a proxy for syntax production abilities, we divided the number of words produced in utterances that were sentences by the total number of words produced in the WAB picture description. This variable captures the agrammatic pattern of producing primarily noun phrases and verb phrases in isolation without proper syntactic context . Words per minute were also derived from the WAB spoken picture description. The score on the WAB sequential command task was used as a measure of sentence comprehension abilities. We correlated these cognitive measures with FA in frontal speech and in dorsal language tracts (SLF and AF) that have been demonstrated previously to be important for fluency and grammar .
Results
Demographic and cognitive data
Demographic, clinical, and language data are reported in Table 1 . Cognitive and language profiles showed the group differences expected on the basis of clinical diagnosis (Gorno-Tempini et al., 2004b) . SS-WAB, MSE, and our composite SP score were significantly impaired in nfvPPA patients compared with the other variants. Figure 3 illustrates the results of the VBM analysis demonstrating that our nfvPPA cohort showed GM atrophy consistent with previous studies and including our ROIs (Gorno-Tempini et al., 2004a; Grossman, 2011; Rogalski et al., 2011b). All regions showed GM atrophy versus controls at an uncorrected level of significance p Ͻ 0.001, whereas only in a small cluster within the (Table continues) left IFG (x ϭ Ϫ42, y ϭ 17, z ϭ 25; number of voxels ϭ 6) survived FWE correction.
Tractography results in healthy controls
We were able to delineate intrafrontal, frontostriatal, and frontoinsular pathways that connected specific GM regions within the speech production network (Figs. 4, 5, 6 ). The tracts connecting BA44 and BA6vPMC to SMAc (Fig. 4A) showed the highest consistency among subjects (on average, 100% for BA44-SMAc and 83% for BA6vPMC-SMAc). Despite the fact that SMAc was considered as one single ROI, the tracts connecting BA44 and BA6vPMC and SMAc formed two separate pathways with a pref- erential anterior-posterior distribution: pre-SMA to BA44 (Fig.  4A , blue), an area previously described as the aslant tract , and SMA proper to BA6vPMC (Fig. 4A, green) . We found connections between the insula and BA6vPMC, BA44, and SMAc (Fig. 4B) . The most reliable connections were found from the insula to the ventral premotor cortex (vPMC), and SMAc (79% for BA6vPMC-Insula; 76% for SMAc-Insula). Even if the whole insula was included as our ROI, we observed that insular projections to BA6vPMC and SMAc originated from a specific portion of the insula's precentral gyrus that, when damaged by stroke, is associated with AOS (Dronkers, 1996) . The insular projections to BA44 (52% for BA44-Insula) appeared instead to terminate more anteriorly in the middle short insular and short insular gyri. We did not find reliable connections between the insular cortex and the striatum, most likely because of anatomical proximity.
We identified projections between the striatum and SMAc (74% for SMAc-Caudate; 74% for SMAc-Putamen), and between the striatum and the inferior frontal cortex (71% for BA44-Caudate; 83% for BA44-Putamen; 40% for BA6vPMC-Caudate; 64% for BA6vPMC-Putamen). Tractography to and from the striatum is known to be challenging due to the low FA in this area, and less consistency was expected in particular for the caudate (Lehéricy et al., 2004; Ford et al., 2013) . As in the case of the connections between the inferior frontal ROIs and SMAc, the pathway between the striatum and BA44 was positioned more anteriorly than the one originating from the BA6vPMC (Fig.  5 A, B) . The tracts from BA44, BA6vPMC, and SMAc showed connections to the middle-posterior portion of caudate and putamen (Fig. 5C ). This finding is consistent with previous studies showing that the anterior striatum is connected to more prefrontal areas (Lehéricy et al., 2004; Draganski et al., 2008) .
In Figure 6 , we include all WM tracts connecting the speech production network in healthy subjects, illustrating its highly complex organization.
WM changes in PPA variants
We compared DTI metrics in 22 bilateral frontal WM pathways (11 for each hemisphere) and five left language tracts (Tables 2, 3) .
NfvPPA patients showed significant differences at our threshold in all DTI metrics (decreased FA and increased AD, RD, and MD) relative to controls in the following connections: left BA44-SMAc, BA6vPMC-SMAc, BA44-Putamen, and bilateral SMAcCaudate. We consider these tracts as being the most significantly and selectively damaged pathways in nfvPPA, although other tracts also showed changes in two or three DTI metrics. In particular, significant increases in AD, RD, and MD were observed in tracts connecting left SMAc-Insula, bilateral BA44-Caudate, bilateral BA6vPMC-Caudate, bilateral SMAc-Putamen, and right BA6vPMC-SMAc; significant increases in RD and MD were found in tracts connecting right BA44-SMAc, left BA44-Insula, left BA6vPMC-Insula, right SMAc-Insula, and left BA6vPMC-Putamen. Figures 7 and 8 illustrate the distribution of FA and MD in each PPA variant and in controls in those tracts that show changes in FA and all other diffusivity metrics in nfvPPA (BA6-SMAc, BA44-SMAc, BA44-Putamen, SMAc-Caudate), tracts where nfvPPA patients exhibited changes in all metrics except FA (BA44-Caudate) and also tracts where no changes were observed (ILF) in nfvPPA. When considering the standard language tracts, the nfvPPA group showed significant changes in FA, MD, and RD in the SLFII/III and AF and in MD and RD in the IFOF. The svPPA and lvPPA groups did not show any significant difference in any of the fronto-insular speech production tracts compared with controls. SvPPA and lvPPA showed changes in the language tracts consistent with other studies (Galantucci et al., 2011; Agosta et al., 2012a) .
In the comparison among PPA subtypes, we considered only the speech production tracts that were significantly changed in nfvPPA versus controls. All of these tracts showed greater changes in nfvPPA than in svPPA and lvPPA in at least one DTI metric (see Table 2 for details).
Correlation analyses between cognitive scores and tractspecific FA values
Specificity of the frontal speech versus ventral tracts for speech production and comprehension in PPA Significant correlations were found between the SP score and FA in left frontal speech tracts that presented the most significant damage in nfvPPA. No correlation was found with the semantic association task or with the word comprehension task. The double dissociation was seen in the anterior ILF that showed significant correlation with the picture and word comprehension tasks but not with the SP score (Fig. 9, Table 4 ). Although these correlations might in part be driven by group effects in the nfvPPA and svPPA groups, the plots reported in Figure 9 clearly indicated that data from all PPA patients followed the same patterns of distribution. This pattern of correlation indicates specificity of these tracts for speech production versus comprehension mechanisms.
Differential contribution of frontal speech versus language tracts to the cognitive subcomponents of speech production
In this analysis, we investigated further the role of different left frontal speech and standard dorsal language tracts (SLF II/III and AF) in speech production mechanisms in the nfvPPA group. For example, only this variant showed variability of performance in the relevant tasks such as number of distortions, rate of speech, and syntax production. Number of distortions (proxy for AOS) correlated with the tracts BA44-SMAc, BA6vPMC-SMAc, and SMAc-Caudate, but not with SLF or AF. Rate of speech correlated with BA44-SMAc, SMAc-Caudate and SLF II/III. Syntax production scores correlated with BA44-SMAc and with both SLF II/III and AF. Sentence comprehension correlated with SLF II/III and AF and not with the frontal speech tracts (Table 5 ). These corre- Figure 7 . Distribution of fractional anisotropy along the tracts of the speech production network and the ILF. Shown are group averages of the distribution of FA along the speech production tracts statistical significant in the nfvPPA group after multiple comparisons (red asterisk). We also reported a tract of the network (BA44-Caudate) not significant after multiple comparisons for FA but significant in all of the other metrics and the ILF as control tract in nfvPPA. In the scale bar, red indicates regions of the tract with high FA values and blue indicates low FA values. The significance of FA in the ILF was found in svPPA, mainly in its anterior portion.
lations thus showed a double dissociation between the AOS score (number of distortions), which correlated with frontal speech but not standard dorsal language tracts, and sentence comprehension, which correlated with language but not frontal tracts. Although the number of subjects is small, the presence of a double dissociation, consistency with previous findings, and the coherent distribution demonstrated by the scatterplots in Figure 10 all suggest that these correlations represent a promising finding.
Discussion
In the present study, we delineated tracts connecting the frontoinsular cortical and subcortical network relevant to speech production and investigated their integrity and functional relevance in the main three PPA variants. We found severe WM damage in tracts connecting left premotor, inferior frontal, SMAc, and the striatum in the nfvPPA variant only. Moreover, correlation analyses confirmed the specific role of these tracts in speech production processes, and provided evidence for their involvement in the motoric aspects of fluency. We discuss these findings in the context of previous MR diffusion studies in PPA, highlighting the anatomical and functional relevance of the frontal tracts for speech production. We argue that converging evidence points to a role for WM imaging in the differential diagnosis of PPA variants and possibly in the in vivo prediction of its pathological underpinnings.
Substantial evidence coming from patients with stroke (Broca, 1865; Dronkers, 1996) and functional neuroimaging studies in healthy controls (Eickhoff et al., 2009 ) supports the fundamental role of a left fronto-insular cortico-subcortical network of GM regions in speech production. Consistently, neuroimaging studies of GM atrophy in nfvPPA, comprising the VBM results reported here, have shown damage to the same network. Less is known about the WM connections within these regions in healthy controls (Lawes et al., 2008; Oishi et al., 2008; and even less in PPA . Here, we provide evidence for widespread cortico-subcortical WM damage in the speech production network in the nfvPPA only, whereas these pathways were relatively spared in the semantic and logopenic variants. Previous DTI studies have highlighted that nfvPPA is associated with a severe degree of WM damage, particularly in the dorsal frontoparietal language pathway (Whitwell et al., 2010; Galantucci et al., 2011; Grossman et al., 2013; Mahoney et al., 2013; Sajjadi et al., 2013; Schwindt et al., 2013) . However, these studies agree that DTI changes in dorsal language tracts are not specific to nfvPPA, but are also present in lvPPA (Galantucci et al., 2011; Agosta et al., 2013) . Our new results show that the WM pathways within the frontal speech production network might be a better anatomical Figure 8 . Distribution of mean diffusivity along the tracts of the speech production network and the ILF. Shown are group averages of the distribution of MD along the speech production tracts that were statistically significant in the nfvPPA group after multiple comparisons (red asterisk). We also reported a tract of the network (BA44-Caudate) significant after multiple comparisons for MD, but not in all of the DTI metrics, and the ILF as control tract in nfvPPA. In the scale bar, orange/white indicates high MD and green/black indicates low MD.
location for futures studies investigating DTI as a specific nfvPPA biomarker. One previous study found changes in what was called the frontal aslant tract (Catani et al., 2013) , which connects the opercular portion of the left inferior frontal gyrus and a medial frontal area including preSMA, anterior SMA, and anterior cingulate cortices. Although direct anatomical comparison is difficult, the aslant tract likely includes both our BA44 and ventral BA6 to SMAc tracts, showing consistency between the two studies. Here, we found that, in nfvPPA, WM damage was not limited to this intrafrontal pathway, but was more widespread and included the left frontostriatal tracts originating from both inferior frontal (BA6 and BA44) and SMAc cortical regions. Furthermore, although these fiber bundles were the most significantly damaged (corrected for multiple comparisons in all DTI metrics), all left hemisphere pathways connecting our ROIs (Figs. 1,  3 ) showed at least a trend for damage in the nfvPPA group only. In addition, although the specific connections between the left precentral insula and inferior and medial frontal regions did not reach a corrected level of significance in all DTI metrics, they were nevertheless widely damaged in our nfvPPA patients with AOS (Dronkers, 1996) . These results, showing widespread speech production system damage in nfvPPA, are consistent with recent pathophysiological models of network-specific susceptibility to neurodegeneration (Zhou et al., 2010) . Recent neuroimaging results and neurobiological evidence indicate that neurodegeneration occurring in specific cortical hubs then spreads to structurally and functionally connected regions (Raj et al., 2012) through prion-like transsynaptic transmission (Frost et al., Figure 9 . Correlations in PPA between the speech production score and the picture vocabulary test with FA in frontal speech tracts and the anterior ILF (aILF). FA correlates with the speech production score in the frontal speech tracts (left BA44/BA6vPMC-SMAc and SMAc-Caudate) and not with the picture vocabulary test. FA correlates with the picture vocabulary test in the aILF and not with the speech production score. The different colors in the scatterplots represent the three variants: red for nfvPPA, blue for lvPPA, and green for svPPA. Yokota et al., 2009; . With nfvPPA, one could speculate that the tau or TDP protein changes first occur in the ventral premotor and posterior Broca's area and then spread to connected SMA, insula, and striatal circuits and, as disease progresses, to posterior dorsal language areas. In a small clinicopathological correlation study on a homogeneous UCSF cohort of sporadic nfvPPA, we observed that WM atrophy was most prominent in tau compared with TDP-A (Caso et al., 2014) . This was also found in studies comparing heterogeneous patient populations with tau versus other types of pathology . Considering that tau-related pathological changes are severe in glial WM (Dickson et al., 2002; Zhukareva et al., 2006) , diffusion imaging is emerging as a potentially useful biomarker in the complex task of predicting the molecules underlying frontotemporal dementia-spectrum clinical syndromes comprising nfvPPA. Our results provide evidence regarding the anatomical distribution and functional relevance of the speech production network WM tracts. We found that the so-called "aslant" pathway contains two components: a more anterior projection connecting BA44 with pre-SMA ( Fig. 4A ; Lawes et al., 2008; Oishi et al., 2008; Ford et al., 2010; Thiebaut de Schotten et al., 2012 ) and a more posterior component connecting the ventral premotor area associated with the face/mouth (BA6vPMC), mostly with SMA proper (Fig. 4B) . Connections between the inferior frontal region and striatum also followed a rostrocaudal distribution, with fibers connecting BA44 being positioned more anteriorly that those originating from premotor cortex ( Fig. 5C ; Johansen-Berg et al., 2004; Lehéricy et al., 2004; Leh et al., 2007; Zhang et al., 2012) . Previous monkey and human neurophysiological and neuroimaging studies support a role of this frontostriatal network in motor behavior, with more posterior regions (SMApremotor-anterior striatum) involved in the initiation and execution of simple movements and a more anterior system (preSMA-BA44) responsible for more complex tasks such as learning and retrieval of motor sequences (Chung et al., 2005; Alario et al., 2006; Nachev et al., 2008; Kim et al., 2010) . A similar anatomo-functional division of the frontostriatal regions has been postulated for language-related tasks, with SMA proper being responsible for execution of speech movements and preSMA in higher-order aspects of speech such as word selection and sequencing ( Figure 10 . Correlations in nfvPPA between number of distortions, syntax production score, and sentence comprehension with FA in frontal speech tracts and the AF. FA correlates with number of distortions in the left BA44/BA6vPMC-SMAc, but not with syntax production score and sentence comprehension. FA correlates with syntax production score and sentence comprehension in the left arcuate fasciculus, but not with the number of distortions.
areas and likely conveyed to frontal regions through the dorsal WM pathways, including the superior longitudinal and arcuate fasciculi (Hickok and Poeppel, 2007; Patterson et al., 2007; . Within this framework (see also Fig. 2 ), our brain-behavioral correlations provided evidence regarding the specific functional role of left hemisphere speech and language pathways. First, we showed a double dissociation between left frontal speech tracts and ventral pathways by demonstrating that a general measure of speech production abilities (or fluency) and semantic tasks correlated with left frontal speech tracts and left inferior longitudinal fasciculus respectively. showed a similar double dissociation between verbal fluency and semantic processing in the aslant and uncinate fasciculus. Taking advantage of the extensive cognitive and DTI data that were collected and processed, we were also able to investigate the differential role of WM pathways in sustaining specific aspects of "fluency" in nfvPPA, such as motor speech, grammar production, and comprehension. Here, we were able to show that the left posterior connections between SMA and ventral premotor correlated only with the number of distortions, a proxy for AOS errors (see Materials and Methods for details). Conversely, the more anterior component of the frontal aslant, connecting posterior Broca's (BA44) with anterior SMA (preSMA), correlated with higher level tasks such as syntax production, consistent with the posited role of preSMA in word sequencing (Chung et al., 2005; Alario et al., 2006; Nachev et al., 2008; Kim et al., 2010) . Finally, sentence comprehension abilities in nfvPPA correlated with left frontoparietal (SLF) and frontotemporal (AF), but not intrafrontal tract integrity, likely due to the linguistic complexity of this task (Caplan, 1998; . These results contribute to the understanding of the anatomical basis of speech and language functions within a large, distributed left-hemisphere network.
The main limitations of our study are the relatively small number of cases included and the lack of pathological confirmation. Interpretation of WM damage as an indication of pathological subtype therefore remains speculative; however, congruence with a priori hypotheses and consistency with previous findings mitigate these concerns.
In conclusion, we demonstrated that damage to WM tracts within the left frontostriatal speech production network is specific to nfvPPA only and that WM damage contributes to the patients' motor speech and grammar production deficits. These findings provide novel evidence for the differential diagnosis of the PPA variants and increase our knowledge of the specific role of WM tracts in speech and language functions.
